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Abstract. Nanometric Zn1−xCoxO (x = 0.020, 0.025 and 0.030 in mol.%) nanopowders were obtained
from low temperature calcination of a resin prepared using the Pechini’s method. Firing the Zn1−xCoxO
resin at 400 ◦C/2 h a powder with hexagonal structure was obtained as measured by X-ray diﬀraction
(XRD). The powder presented average particle size of 40 nm observed by ﬁeld emission scanning electronic
microscopy (FE-SEM) micrographs and average crystallite size of 10 nm calculated from the XRD using
Scherrer’s equation. Nanocrystalline Zn1−xCoxO ﬁlms with good homogeneity and optical quality were
obtained with 280–980 nm thicknesses by electron beam physical vapour deposition (EBPVD) under
vacuum onto silica substrate at 25 ◦C. Scanning electron microscopy with ﬁeld emission gun showed that
the ﬁlm microstructure is composed by spherical grains and some needles. In these conditions of deposition
the ﬁlms presented only hexagonal phase observed by XRD. The UV-visible-NIR and diﬀuse reﬂectance
properties of the ﬁlms were measured and the electric properties were calculated using the reﬂectance and
transmittance spectra.
1 Introduction
Semiconductor materials with wide bandgap have
attracted much attention nowadays due to the applica-
tions in microelectronic and optoelectronic devices [1].
ZnO (zinc oxide) is an well-known n-type semiconductor
of wurtzite structure with a direct energy wide bandgap
of 3.2–3.3 eV at room temperature [2], and optical trans-
parency in visible range. The resistivity values of
ZnO ﬁlms may be adjusted between 10−4 Ω cm and
1012 Ω cm by changing the annealing conditions and dop-
ing elements [3]. These features have made ZnO applied as
transparent electrodes [4], gas sensors [5], solar cell win-
dows [6,7] and photovoltaic devices [8].
ZnO thin ﬁlms have been prepared by a variety of tech-
niques such as molecular beam epitaxy (MBE) [9], RF
magnetron sputtering [10], pulsed laser deposition [11],
spray pyrolysis [12], chemical vapor deposition (CVD) [13]
and sol-gel processing [14–18]. The sol-gel process is one of
the versatile methods to prepare thin ﬁlm-supported nano-
sized particles without complicated instruments such as
CVD [19]. It is simple, inexpensive and has a general ad-
a e-mail: m.basso@if.sc.usp.br
vantage of large area deposition and uniformity of the ﬁlms
thickness [20]. In most cases, the metal alkoxides are used
as raw materials for the sol-gel process. But the prepara-
tion of a stable sol is tiresome and reagents of metal alkox-
ides are very costly. Also, diethyl zinc (DEZ) and dimethyl
zinc (DMZ) are so reactive that there is a risk of explosion
in contact with atmospheric air. Thus, some metal salts,
such as nitrates and acetates, are used to change the metal
alkoxides for preparing the thin ﬁlms. Each one of these
methods of deposition presents some advantages and/or
disadvantages. When the physical methods are used, a
source of the material in a crystalline form should be em-
ployed to produce the thin ﬁlms. On the other hand, if
a chemical method is used, it is interesting to use very
stable, non-toxic and cheaper precursor compounds, like
Pechini’s method. With this method, we can obtain ho-
mogeneous pellets to be used as evaporation source, to
prepare thin ﬁlms in the electron beam physical vapour
deposition (EBPVD) technique. Then, for industrial ap-
plications, a physical method is required to synthesize thin
ﬁlms.
Much attention has been directed to ZnO doped with
transition-metal ions, such as Co ions [21]. This diluted
magnetic semiconductor has proposed as an alternative
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Fig. 1. Flow chart of the Zn1−xCoxO nanometric synthesis, using a modiﬁed Pechini’s method.
system for spintronic devices with the advantage of
introducing new functionalities that are diﬃcult to be
implemented in metallic structures, such as electrical con-
trol of both the coercivity [22] and the Curie tempera-
ture [23]. Spintronics is a new technology which oﬀers
lower switching energies and faster speeds as compared
to standard electronics. Such devices are not only novel in
terms of lower power requirements and very fast switch-
ing speeds, but they also exhibit newer device applications
with integrated magnetic, electronic and optical function-
ality. However, the challenge to implement a commercial
spintronic device is to overcome the lack of
room-temperature magnetic semiconductor materials that
would be used as spin injection layer. Spin injection in
semiconductors is a fundamental problem for developing
spintronic devices due to the well-known impedance mis-
match between semiconductors and ferromagnetic [24].
Despite the huge success achieved in recent years in semi-
conductor, spintronics is still restricted to cryogenic tem-
peratures. However it has been observed rapid progress
toward obtaining materials with magnetic properties that
allow the manipulation of spins at room temperature. In
the last decade, Dietl et al. reported calculations using the
Zener model for the coupling between magnetic ions me-
diated by free carriers [25]. These authors demonstrated
that relatively large gap semiconductors such as GaN and
ZnO, could present Curie temperature close to and even
superior to room temperature when a fraction of cations
of these materials were replaced with ions of transitional
metal as Mn or Co [25].
In this work, we report the synthesis of nanometric
Zn1−xCoxO (x = 0.020, 0.025 and 0.030 in mol.%) pow-
ders using low temperature calcinations of resins prepared
by the Pechini’s method. Also the production and char-
acterization of nanocrystalline Zn1−xCoxO thin ﬁlms by
electron beam physical vapour deposition (EBPVD) in
vacuum are presented. In order to determine structural
properties of the Zn1−xCoxO powders and ﬁlms, samples
were mainly characterized by optical techniques (trans-
mittance, and diﬀuse reﬂectance), scanning electron
microscopy with ﬁeld emission gun (FE-SEM) and X-ray
diﬀraction (XRD).
2 Experimental
2.1 Nanometric Zn1−xCoxO powders preparation
Details of the nanometric Zn1−xCoxO powders synthesis
used in this study is outlined in the ﬂow chart of Figure 1.
The raw materials used for Zn1−xCoxO were zinc nitrate
(99.0% purity, Alfa Aesar), cobalt nitrate (98.0% purity,
Aldrich), ethylene glycol (99.9% purity, Synth) and citric
acid (99.0% purity, Synth). The resins were formed by dis-
solution of zinc and cobalt nitrates in a water solution of
citric acid (60–70 ◦C). After homogenization of the solu-
tion, ethylene glycol was added to promote polymerization
of the mixture by polyesteriﬁcation reaction.
The molar ratio among the citric acid/metal ratio was
ﬁxed at 3:1 and the citric acid/ethylene glycol ratio was
ﬁxed at 60:40 (mass ratio). The resin was heated at 120 ◦C
to eliminate excess of water. The heat treatments to ob-
tain the powders were heating of the resin at 400 ◦C/4 h
at 10 ◦C/min to promote crystallization formation of the
desired ZnO phase. Figure 1 illustrates the experimental
procedure used.
2.2 Films deposition
Zn1−xCoxO ﬁlms deposition was carried out in an elec-
tron beam evaporation system (EBPVD), using pellets of
the powders as target for evaporation, with a pressure of
4× 10−6 Torr [26]. The ﬁlms were obtained with the elec-
tron beam gun (Telemark-231) operating at 7 kV and elec-
tron beam with 50 mA. Deposition rates of ∼1.0 A˚/s were
achieved, monitored by a quartz crystal oscillator (Sycon,
STM-100). Using this setup we deposited ﬁlms on silica
substrates submitted at 25 ◦C during the evaporation. The
thickness of the ﬁlms was measured by a Talystep Taylor-
Hobson proﬁler. Tantalum crucibles were used to support
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the high temperature achieved during the evaporation of
the ZnO pure and cobalt doped pellets. More details of
the EBPVD system is described elsewhere [27].
2.3 Microscopy measurements
Scanning electron micrographs (FE-SEM) were taken by a
Zeiss (DSM-940A) scanning electron microscope equipped
with ﬁeld emission gun, allowing 100 k× of magniﬁcation.
2.4 Structural characterizations of powders
and thin ﬁlms
The crystallinity and phase of the Zn1−xCoxO powders
and ﬁlms were investigated by XRD technique using a
Rigaku Dmax-2500PC diﬀractometer operating with
Cu Kα radiation with 2θ detector scanning ranging from
15 to 75◦, in steps of 0.03◦. For ﬁlms was used X-ray graz-
ing angle incidence ﬁxed at 2.0◦ between the X-ray beam
and the ﬁlm surface, and 2θ detector scanning from 25 to
75◦.
2.5 Optical measurements
The UV-visible-NIR spectra of the Zn1−xCoxO ﬁlms were
collected in transmittance mode in a Cary-17 spectropho-
tometer, in the 190–1100 nm region. Silica substrates were
placed in the reference beam to simultaneously subtract
the silica spectra from the ﬁlms spectra. Diﬀuse reﬂectance
of the ﬁlms were measured through a spectrophotometer
(Minolta, CM2600d), in the 400–700 nm range, equipped
with standard light sources type D65 (day light).
3 Results and discussion
3.1 Nanometric powders characterization
Figure 2 presents the FE-SEM micrograph of the
Zn1−xCoxO powder obtained from the resins calcined at
400 ◦C/4 h. It is know that powders with nanometric par-
ticles are thermodynamically unstable due to the large
surface area. It means that the small dimension particles
possess high surface energy, leading the Zn1−xCoxO pow-
der agglomerate. This behavior can be visualized in the
FE-SEM micrographs of the ZnO pure and cobalt doped
powders presented in Figure 2. Through software analysis
of the micrographs the average dimension of these par-
ticles was found to be 15–30 nm (ZnO – Fig. 2a) and
10–40 nm (Zn0.970Co0.030O – Fig. 2b).
Figure 3 shows the XRD pattern of the Zn1−xCoxO
powders obtained from the calcination at 400 ◦C/4 h.
The mean particle sizes were calculated from X-ray line
broadening of the (1 0 1) diﬀraction peak using Scherrer’s
equation [28]:
Phkl = 0.89λ/(β1/2 cos θhkl), (1)
Fig. 2. FE-SEM micrograph of the Zn1−xCoxO powder ob-
tained from the calcined at 400 ◦C/4 h: (a) ZnO and (b)
Zn0.975Co0.025O.
Fig. 3. XRD pattern of the Zn1−xCoxO powder obtained by
Pechini’s method, calcined at 400 ◦C/4 h, index the same phase
(JCPDS card No. #36-1451).
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where Phkl is the mean crystallite diameter of the particle
assumed to be spherical, λ is the radiation wavelength of
the X-ray used, θhkl the diﬀraction peak angle and β1/2
is the corrected line width at observed half-peak intensity.
The value of β1/2 was determined from the experimental
integral peak width by applying Warren’s correction for
instrumental broadening [29]; i.e., β21/2 = β
2 − β20 , where
β0 is the instrumental broadening determined through the
full width at the half maximum (FWHM) of the reﬂec-
tion at 14.2◦ of SiO2 powder having particles larger than
1000 A˚ and β is the FWHM of the (1 0 1) diﬀraction peak
of the sample.
The broad peaks observed in the XRD pattern
indicates small average crystallite diameter, which was
estimated by the Scherrer’s equation as ∼10 nm. It is
important to note that the temperature used in this work
to obtain the ZnO phase is low compared with conven-
tional ZnO powders, where phase formation and sintering
of the particles occurs above 1400 ◦C [21]. The powders
are crystalline at ZnO hexagonal form, indexed by JCPDS
card No. #36-1451, independently of CoO addition
concentration. Any phase containing cobalt oxide appears
in the X-ray patterns shown in Figure 3.
3.2 Zn1−xCoxO ﬁlms characterization
Figure 4 shows the XRD pattern of the Zn0.97Co0.30O
on silica substrate, obtained after ex-situ heat-treatment
at 550 ◦C/2 h. The peaks that appeared in the pattern
were indexed as presenting a hexagonal structure with a
P63mc space group, which is in agreement with the liter-
ature [JCPDS card No. #36-1451]. The ﬁlm was crystal-
Fig. 4. XRD patterns of Zn0.970Co0.030O ﬁlms on silica sub-
strate (P101 ∼ 17 nm).
lized randomically, being polycrystalline. There is not a
preferred orientation. Almost the same relative intensity
between the main peaks ((1 0 0), (0 0 2) and (1 0 1)), we
observed for powders and ﬁlms.
The FE-SEM micrograph presented in Figure 5 shows
the ﬁlm surface morphology. The ﬁlms are free of cracks
and has roughness surface morphology even for diﬀerent
regions analyzed. It is observed that all samples are com-
posed by spherical nanoparticles strongly agglomerated. It
was not observed signiﬁcative morphology change on CoO
incorporation. For the sample illustrate in Figure 5a the
Fig. 5. FE-SEM micrograph of the Zn1−xCoxO ﬁlm deposited by EBPVD of the powder obtained by Pechini’s method:
(a) pure ZnO, (b) Zn0.980Co0.020O, (c) Zn0.975Co0.025O and (d) Zn0.0970Co0.030O.
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Fig. 6. UV-visible-NIR transmittance of the Zn1−xCoxO ﬁlms
on silica substrate.
average diameter is 87±10 nm, for Figure 5b is 28±3 nm,
for Figure 5c is 36±4 nm and for Figure 5d is 179±19 nm.
The ﬁlms microstructure is not only composed by spher-
ical grains, but also needles with ∼1500 nm-length and
∼50 nm diameter. The needles are initiated on the top
of ZnO nanoparticles. The orientation is perpendicular to
the surface or randomly tilted, as observed by Falyouni
et al. [30]. The growths of these needles do not occur
during the EBPVD deposition, but during the ex-situ
heat-treatment in electrical furnace at 550 ◦C. Thus, the
needles growth dimensions can be controlled by the fur-
nace temperature and atmosphere. More studies about
these needles are required in future works to better under-
stand its growth mechanism, or be the inﬂuence of sub-
strate, atmosphere and temperature.
Figure 6 gives the transmittance spectra in the
190–1100 nm region for the ﬁlms of Zn1−xCoxO composi-
tions on silica substrate. The 980 nm-thick ﬁlms has trans-
mittance of 76%, the 280 nm-thick ﬁlms has transmittance
of 86% at 632.8 nm. All ﬁlms presented good optical qual-
ity, with diﬀerent thicknesses (Tab. 1).
The value of the transmittance used as reference is
a direct measure using the He-Ne laser (λ = 632.8 nm)
wavelength. Other optical properties, such as the bandgap
and the cut-oﬀ, were obtained indirectly. Considering the
high absorption region, the transmittance T followed a
simple correlation with absorption coeﬃcient [31]:
T = B exp(−αd), (2)
Fig. 7. Absorption coeﬃcient as a function of incident photon
energy in the near bandgap region for Zn1−xCoxO ﬁlms on
silica substrate.
where B is approximately equal to the unity at the ab-
sorption edge and d is the thickness of the thin ﬁlms. The
relation between the absorption coeﬃcient α and incident
photon energy hν for allowed direct transition, respec-
tively, can be written as [31,32]:
αhν = A (hν − Eg)1/2 , (3)
where A is a constant and Eg is the direct bandgap.
The (αhν)2 versus hν plots for thin ﬁlms containing
diﬀerent amounts of CoO and pure are shown in Figure 7.
A linear behavior can be observed in a certain range of the
curves, supporting the interpretation of direct Eg bandgap
for thin ﬁlms [32]. Therefore, the Eg bandgap of the thin
ﬁlms can be obtained by extrapolating relation (3).
Table 1 gives a comparison of the Eg bandgap with the
CoO content. As can be seen, the bandgap of thin ﬁlms
increase from 3.17 eV to 3.22 eV as the CoO concentration
increase. These values are comparable with those reported
by Zou et al. [33].
The diﬀuse reﬂectance spectra of Zn1−xCoxO com-
pounds are presented in Figure 8 have characteristic bands
of Co2+, which possess 3d7 electronic conﬁguration. There
is an absorption band around 550 nm of cobalt in tetra-
hedral sites (2E), and another band around 510 nm from
cobalt in octahedral sites (4T1) and another at 670 nm. It
produces green colored thin ﬁlms.
Table 1. Transmittance, thickness and optical bandgap (Eg) values with the CoO content in the ﬁlms.
Films Substrate Transmittance (%) Thickness Eg
at λ = 632.8 nm (±10 nm) (±0.05 eV)
ZnO pure Silica 76 920 3.20
Zn0.980Co0.020O Silica 86 280 3.28
Zn0.975Co0.025O Silica 83 300 3.25
Zn0.970Co0.030O Silica 81 980 3.21
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Fig. 8. Reﬂectance diﬀuse of the Zn1−xCoxO ﬁlms on silica
substrate.
The color generation is known by a mechanism named
charge transference. This mechanism consist on the elec-
tron movement of an ion to another due to the light energy
absorption, resulting in a temporary change of the valence
state for both ions, originating the material’s color [34].
This mechanism is responsible by the color of CoO-doped
ZnO compounds. Thus, these synthesized thin ﬁlms have
potential application as attenuators in the visible and
near-infrared regions. Also, it can be used as UV ﬁlters.
Other properties can be explored, like electroluminescence
and magneto-optic eﬀects.
Visible spectroscopy (diﬀuse reﬂectance) of the pow-
ders was performed with a Minolta CM2600d colorimeter
in the visible spectrum (Fig. 8). The spectra presented in
this paper were used to apply the Kubelka-Munk equa-
tion:
K-M = (1 − R)2/2R, (4)
where K-M is the Kubelka-Munk function (not shown
here), R is the diﬀuse reﬂectance from the sample. The
optical bandgap, EK-Mg , of the materials were calculated
on the basis of the optical spectral absorption using the
well-known formula:
K-M = C
(
hν − EK-Mg
)1/2
, (5)
where C is a constant and EK-Mg is the direct bandgap
using the Kubelka-Munk function [35].
The EK-Mg determined values are 2.99 ± 0.05 eV for
all powders, independently of the CoO concentration. It
shows that the resolution used for collect the diﬀuse re-
ﬂectance spectra was not appropriate to identify the CoO
eﬀect on the ZnO optical bandgap. Nevertheless, these val-
ues are similar to those calculated using the transmission
spectra and comparable with the literature [33].
(a)
(b)
Fig. 9. Variation of real (a) and imaginary (b) of the dielectric
constants of the Zn1−xCoxO ﬁlms.
The refractive index of the ﬁlms can be determinate
by from the following relation [36]:
n =
[
1 + R
1 − R
]
+
√
4R
(1 − R)2 − k
2,
where k (k = αλ/4π) is the extinction coeﬃcient that can
be directly related to the absorption coeﬃcient (α).
The dielectric constant is deﬁned as, ε(ω) = ε′(ω) +
iε′′(ω) and the real and imaginary parts can be determi-
nate by [38]:
ε′(ω) = n2(ω) − k2(ω),
ε′′(ω) = 2n(ω)k(ω).
Note that if the medium is only weakly absorbing, k is very
small. Thus being the case, these equations show that the
refractive index is basically determined by the real part
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of the dielectric constant and the absorption is mainly
determined by the imaginary part [37].
Figures 9a and 9b present the frequency dependence
of the complex electronic dielectric constant. In low wave-
length regions (until 475 nm) the electric and magnetic
ﬁelds are attenuated in amplitude into the material [38].
The reason is that the electrons oscillate out of phase
with the electric ﬁeld. Nevertheless, we can observe that
in 440 nm the ε′ values increase with increasing of CoO
content. It is an indicative of the incorporation of CoO
in the ZnO matrix. The same behavior can be described
to the imaginary part of the permittivity ε′′. When the
wavelength is increased (∼475 nm) the behavior of ε′ and
ε′′ can be related with the ﬁlm microstructure showed in
Figure 5. The pure and x = 0.030 CoO ﬁlms present a
higher grain size and a smooth surface when compared
with the x = 0.020 and 0.025 ﬁlms. It is evident that
these characteristics have a great inﬂuence on dielectric
and optical properties and thus an important parameter
to be controlled for applications. The pure and x = 0.30
ﬁlms present a decrease in the ε′ and a very pronounced
decrease in the ε′′, when compared with x = 0.020 and
x = 0.25.
4 Conclusions
In this work we presented the synthesis of nanometric ZnO
phases obtained with low temperature calcinations pre-
pared using the Pechini’s method. The phase calcining at
400 ◦C present average particle size from 10 to 40 nm by
FE-SEM, and average crystallite size of 10 nm measured
by Scherrer equation using the XRD pattern. Transpar-
ent, optically smooth and homogeneous Zn1−xCoxO ﬁlms
with thickness of 280 nm and 980 nm were produced by
EBPVD technique, using homogeneous powders obtained
by Pechini’s method. The ﬁlms were deposited on silica
hold at 25 ◦C during the evaporation. The synthesized
ﬁlms present hexagonal structure of the ZnO compound
with CoO diluted. All ﬁlms are highly transparent and
possess bandgap energy dependent on the CoO addition,
and also the transmittance and reﬂectance spectra. Fi-
nally, the ε′ and ε′′ electrical properties were calculated
and show dependence with wavelength and CoO contents.
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